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A ZONED LOADING FOR A ZPR-III-TYPE FACILITY 

by 

A. G. Edwards 

ABSTRACT 

A ser ies of calculations, centeredaround a possible 
zoned cr i t ical in a ZPR-III-type machine, is presented and 
discussed. Cr i ter ia of selection for equivalent samples and 
optimum dr ivers are discussed. The conclusion is drawn 
that measurements on a combination of one or more zoned 
cr i t ica ls , and the careful computation of correction te rms , 
can yield nearly all the experimental data which might be 
derived from a full-scale, al l-sample crit ical without sig
nificant loss of accuracy. The major exception is an ex
perimental value for cri t ical mass . 

I. INTRODUCTION 

The checking of reactor calculations by experimentation with zero-
energy cri t ical facilities is a standard pract ice. "When interest is with a 
particular power reactor , this is simulated as far as possible in a ze ro-
energy facility, but when the interest is more broadly based, the ze ro-
energy reactors built are geometrically simple and have two regions only, 
namely, core and blanket, so that interpretation is as simple as possible. 

In accordance with this philosophy, a wide range of different simple 
cores have been built in the ZPR-III assembly machine, and detailed at
tempts have been made to mockup the Enrico Fe rmi reactor , the EBR-II 
reactor, and RAPSODIE, Similarly, ZEUS and its variants served as a 
simulant for the then conceptual Dounreay Fast Reactor. 

Conceptual plutonium-fueled power reactors with inventories in 
excess of a ton are of interest . However, at present the plutonium immedi
ately available for zero-energy experiments does not exceed about 220 kg 
for the ZPR-III assembly and smaller amounts for ZEBRA and VERA. 
Three methods are possible for obtaining relevant experinnental informa
tion in these c i rcumstances: (i) build a fast exponential, (ii) build a 
plutonium-fueled assembly with a noncapturing diluent which has a degraded 
spectrum without a large cr i t ical mass , and (iii) build a two-part core, in
volving both U^̂ ^ and plutonium, either homogeneously distributed or sepa
rated out into different zones. 





Coupled Fas t -The rma l Systems and an Exponential 

Hess and GasidloC) have recently described the ZPR-III Assem
bly 41, with composition s imilar to that of the fast exponential described 
by Beyer(2) and to the fast part of the coupled fast- thermal system de
scribed by Hummel et al.l^) Hess and Gasidlo compared the results with 
the same reactor composition and concluded that, although the exponential 
gave reasonable values of fission ratios and buckling, inferences about 
critical mass from buckling and reflector savings gave very poor accuracy. 
The fast- thermal cri t ical assembly was found to give fairly good agree
ment with the all-fast cr i t ical for central fission ratios and reactivity 
effects, though these would have been improved by the use of a fast rather 
than a thermal dr iver . Inferences about cri t ical mass from a knowledge of 
spectral indices and reactivity effects are difficult to make, and the knowl
edge of these quantities should be as accurate as possible. 

The AETR Critical Experiments 

An intensive exploration of the zoned crit ical technique has been 
made by the Atomics International (Al) group concerned with the Advanced 
Epithermal Thorium Reactor (AETR) concept.'"*' The potential of the AETR 
concept depends critically on the nuclear parameters of U^'^ and thorium 
in the epithermal region of the spectrum, where they were not well known, 
and a zero-energy cri t ical should be built to check on the data. There were 
only 25 kg of U^̂ ^ available to check data for predictions of a large power 
reactor involving a ton or more of U^^ .̂ The U^'' is distributed through a 
test region the size of which is determined by the amount of U^̂ ^ available, 
and which reproduces the composition of the conceptual reactor of interest . 
This is surrounded by a buffer region fueled by U^'^ and thorium, separated 
by a thorium decoupler from the thermal driver, which consisted of U^̂ ^ 
and polyethylene. The whole "was surrounded by a polyethylene reflector. 

The reasoning behind the experimental design and the proposed fornn 
of analysis are described by Campise, '- ' ' who gives three conditions to be 
met if the zoned arrangement is to be well designed. These are met by 
matching flux and adjoint spectra at the sample center with those at the 
center of the conceptual reactor , and using a sample composition which 
is the same as that of the conceptual reactor . 

The difficulties of analysis designed to improve cross-sect ion in
formation are those general to fast integral experiments, somewhat accen
tuated by the zoned arrangement. These difficulties and Campise's proposed 
solution of them may be il lustrated by reference to, say, the treatment of 
a measured one-group fission cross section for a reactor constituent. We 
derive a quantity AF from experiment and multigroup calculation, where 

AF = F(experiment) - F(calculation) 

— 2 0i 6 Oi + ai60i, 
i 





where 6 Ô  is the uncertainty in the cross section and 60^ is the uncertainty 
in the flux which stems from it. 

Assume that an iterative approach is permissible in which, in the 
first place, we can write 6 0j = 0, In ordej- to solve for 6ai with the single 
experimental number Ao, the calculated quantities ciF/ha^ are used to 
spread the observed discrepancy amongst the several groups. In one form 
this amounts to the assumption that each of the multigroup cross sections 
is equally in e r ro r , which is rather res t r ic t ive . 

In a ser ies of seven Al experiments, several compositions of test 
region were used, having mean neutron energies of 422 keV, 140 keV, 
120 keV, 66 keV, 5.5 keV, 9.9 eV, and ~7 eV. Experimental measurements 
were made of fission ratios at the sample center, the worths of different 
neutron sources , and the worths of various fissile, fertile, and inert 
mater ia ls . 

Helm^ ' has examined fast reactor zoned cri t ical techniques by 
means of two-group approach. He considers, for example, two homogeneous, 
finite, cylindrical reactors of the same radius, and the composite reactor 
formed by bringing together half of each to give an arrangement which, on a 
one-group argument, is also jus t -cr i t ica l . As might be expected, it remains 
critical on a two-group basis only if certain spectrum-matching cr i te r ia 
are met by the two compositions. A one-group argument also suggests that 
if a finite cri t ical reactor of radius R is split at its midplane, and an arbi 
trary length of another reactor of radius R is introduced, the arrangement 
will remain cri t ical provided the new mater ial is cr i t ical in an infinite 
cylinder of radius R. A two-group analysis again imposes spectrum-
matching conditions for this to be true. The first arrangement requires 
50% of the mater ia l required for a full cri t ical; the second method less , but 
with the proviso that the thinner the sannple slice, the less accurate the 
experin^ent. 

Meneghetti and Ishikawa(^) have considered the problems of mixed 
plutonium-uranium cores in a study in which the 5 v/o fissile mater ia l , in 
a reactor of otherwise fixed composition, is nnade up of U "̂*' and of Pu^^' in 
varying proportions. Their calculations resulted in a fissile mater ia l load
ing ranging from 2000 kg in the all-U^^^ case to 400 kg in the all-Pu^^"* case . 
The basic calculations (done with four groups) was to change one of the input 
cross sections for plutonium and to determine, as a function of plutonium 
composition, the resultant change in buckling. It was assumed that an 
e r ro r l e s s measurement is made of the buckling of the system containing 
fissile mater ia l , which is 10% Pu^'''-90% U^^ ,̂ and that discrepancies be
tween experiment and calculation can be attributed solely to one plutonium 
cross section. It was shown that this e r r o r is linearly dependent on plu
tonium content. Extrapolation then gave a correct ion te rm and a reduced 
e r ro r for the predicted buckling of the all-plutonium-fueled assembly. The 
plutonium necessary was about 38% of that required for the analogous 
plutonium-fueled assembly. 





They also considered the alternative arrangements in which the 
plutonium and U^'^ are separated into different zones. If, for example, 
the central 10% of the composite system is plutonium-fueled, the per
centage e r r o r in predicted radius for the zoned arrangement is about 
half the percentage e r r o r in the all-plutonium cri t ical , if that e r ro r stems 
solely from an incorrect value for the plutonium vof. 

Whilst these numbers make the method look attractive, the assump
tions that there is only one cross section in e r ro r and that this is known, 
are restr ict ing ones. 

In some ear l ie r work by the author(S) a similar approach to that 
adopted below was used, but without the specific bias towards ZPR-III-type 
assemblies . The general question is there discv>ssed of the value in 
assessing plutonium data of both zoned experiments and few-component 
experiments in which the spectrum is softened by the use of noncapturing 
diluents. They are found to be complementary rather than alternative. 

II. SOME GENERAL CONSIDERATIONS 

If we were unrestr ic ted in plutonium inventory, the crit ical assembly 
built would be used to make the following measurements : (i) cri t ical mass ; 
(ii) worths of different materials as a function of position; (iii) reaction 
rates of different mater ia ls as a function of position; (iv) Rossi-a . The 
ultimate objective of a zoned cri t ical arrangement, therefore, is to yield an 
experimental measurement of just these numbers. Work so far has con
centrated on sample regions centrally placed within a driver region, but 
this is res t r ic t ive , and in general, the sample region may be considered to 
be anywhere. We then have the basic requirement of a zoned cri t ical that 
the experimental uncertainty in the measurement shall not be swamped by 
the computational uncertainty in going from the zoned cri t ical to the equiva
lent point in the al l -sample cri t ical Ideally, the calculated correction is 
effectively zero. 

This requirennent can be clarified by writing down expressions for 
some of the quantities it is required to measure , using a multigroup flux 
representation. 

N 
The reaction rate is given by Y, '̂ i Oj, where N is the number of 

1 

groups, and the requirement, (Reaction Rate) zoned system = (Reaction 
Rate) sample system for sufficient different mater ia ls implies adequate 
matching of the real spectra in the two systems, but lays no restr ict ion on 
the adjoint spectra . On the other hand, with perturbation effects or danger-
coefficient measurements , both adjoint and real spectra are involved. 





If the zoned cri t ical has the same dimensions as the al l -sample 
cri t ical , the meaning of "equivalent position" is straightforward. Now the 
physical size of a system can always be increased without changing the 
spectral charac te r i s t ics by reduction of the density, so that size and 
spectral matching a re independent, provided the full-density buckling of 
the driver is greater than that of the sample. 

The ideal driver to be used in conjunction with a given sample, 
therefore, has the following propert ies : 

(i) It has a la rger buckling than the sample. 

(ii) Its real spectrum is the same as that of the sample. 

(iii) Its adjoint spectrum is the same as that of the sample, to
gether with the requirement in a practical case. 

(iv) The resultant zoned cri t ical is within the inventory and com
position res t r ic t ions of the experimental facility. 

There is a further pertinent consideration affecting calculations of 
zoned cri t ical sys tems. Calculation may be used to show the degree of 
match between a driver and a sample mixture, but by basic assumption, 
those calculations can only be made by use of imperfect input data and 
techniques. It is desirable to show, in some way, that these imperfections 
do not rob the calculations of their value in showing that the basic require
ments of zoned cri t ical design are met. The only thing that can be done in 
this direction is to repeat the calculations with different cross-sect ion 
l ibrar ies and to show that the essential comparisons remain unaltered. 

A calculation ser ies based on the above ideas is described below, 
where the l6-group Roach(9) data (Library 700) and the l6-group YiftahC^) 
data as modified by Davey(l ' ) (Library 635) are employed. 

III. THE REFERENCE MIXTURE 

The present calculations presuppose some plutonium-fueled oxide 
reactor composition which is of prime interest and is to be studied experi
mentally in a ZPR-III-type assembly. F i r s t , therefore, the composition 
of the basic reactor as specified is taken; next, an equivalent sample mix
ture is concocted which experimentally is conveniently equivalent to it. In 
the present case, convenience is weighted rather more heavily than exact 
equivalence. Finally, a suitable driver is selected and some calculations 
made on a composite system. 

The composition of the reference reactor used m the present study 
IS shown in Table I; it is basically an oxide-fueled reactor with 25 v/o 
s t ructure , 36.4 v/o sodium, 30,8 v/o fuel, and 7.8 v/o void, using plutonium 





of a fairly large content of Pu^^. The blanket composition selected is a 
compromise between the compositions of radial and axial blankets which 
might be used in an actual cylindrical reactor. Certain information about 
a spherical version of such a reactor is also given in Table I. 

PROPERTIES OF REFERENCE REACTOR 

A. Composition 

Blanket 

Material 

Fe 
Na 
C 

v / o 

24.82 
0.18 

25.00 
30.00 
10.00 

Core 

Material 

P u " ' 
p^240 

u"' 
U235 

Fe 
Na 
O 

v / o 

1.974 
0.3901 

12.994 
0.0935 

25.00 
36.40 
15.452 

B, Proper t ies 

DSN 54 Calculation - Library 635 

Spherical Geometry 

Cri t ical Radius 

Cri t ical Volume 

Cri t ical Mass Pu^^'' 

Blanket thickness 

71.7 cm 

1540 l i ters 

580 kg 

Z' 

Regular 

1.6 

0.02 

Adjoint 

0,25 

0,0023 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

(A) 
Central Flux 

(Regular) 

1.32 
2.79 
4.88 
7.12 

10.90 
12.75 
13.56 
12.10 
9.17 
8.09 
4.88 
5.43 
2.93 
1.68 
1.61 
0.80 

(B) 
Fundanriental 

Mode 

1.35 
2.80 
4.83 
7.21 

10.99 
11.77 
13.66 
11.97 
9.50 
8.15 
5.37 
5.02 
2.90 
1.75 
1.72 
1.03 

(C) 
Central Flux 

(Adjoint) 

8.44 
8.36 
7.81 
6.90 
6.72 
6.53 
6.31 
6.13 
6.04 
5.89 
5.71 
5.53 
5.24 
4.94 
4.74 
4.72 

(D) 
Fundamental 

Mode 

8.40 
8.21 
7.72 
6.84 
6.64 
6.48 
6.26 
6.10 
5.99 
5.86 
5.70 
5.54 
5.28 
5.02 
4.83 
5.15 
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For survey purposes, the results of calculations of spectral 
properties of mixtures obtained with the fundamental-mode approxi
mation programmed for the IBM 1620 computer are presented. For 
comparing spectra, part icularly for putting spectra in an order of ex
cellence according to their closeness of match to a standard, it is nec
essary to character ize a spectrum by a single number. 

The effective one-group cross section for any of the common 
nuclides might be used for this purpose, but some cr i ter ion divorced 
from the nuclear parameters of any one mater ia l is considered superior. 
Two mismatch c r i t e r ia are employed here , defined as follows: The m i s 
match between two regular or adjoint spectra 0 ; -* 0n and 01 ->• 0Ĵ  is 
given by either 

Ml = Z (0i - *i) 
1 

M, 1 
where 

J 0i = f 0l = IOC 

A more general form of mismatch cri ter ion would include weighting 
factors W^ multiplying each of the flux difference terms ( 0j - <p{). If good 
match in a part icular part of the spectrum is then of principal interest , the 
corresponding Wĵ  would be given appropriately large values. 

In Table I the mismatch between the fundamental mode and DSN 
calculated central spectra are shown to be small compared with mismatch 
between driver and sample spectra discussed later, both for adjoint and 
regular fluxes. It is concluded, therefore, that in the present context, the 
fundamental-mode calculation yields an adequate representation of central 
spectra. 

IV. THE SAMPLE MIXTURE 

The sample mixture is that mixture which is actually assembled in 
the zero-energy reactor , and hence it must have the following propert ies: 
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(i) The plutonium has a 5% Pu^*' content. 

(ii) The mixture must be assennbled from plates of different mate
rials with a recurr ing pattern of a relatively small number of units. 

The facts that oxygen must probably be introduced as iron oxide, and that 
sodium and plutonium car ry with them appreciable amounts of canning, im
pose further l imitations. In the present case, a cell was assumed to consist 
of 16 standard ( l /8- in . ) columns. Approximate figures were taken for the 
volume percent of different constituents corresponding to a range of differ
ent, physically realizable reactor compositions; their fundamental-mode 
spectra were calculated and compared with those of the reference reactor 
in terms of the comparison cr i te r ia Mj and M .̂ The compositions used are 
given in Table II, and the results in Table III. In view of the fact that the 
compositions using canned mater ia ls vary with the size of the cans, precise 
figures cannot be given without specifying a detailed loading. 

T H E COMPOSITIONS O F VARIOUS S A M P L E M I X T U R E S 
( A t o m s p e r cc x 10'^^) 

No. 

3001 

3002 

3004 

3005 

P u " ' 

1* 
0 .009888 

1 
0 .009888 

1 
0 .009888 

1 
0 .009888 

P u ^ " 

0 .000518 

0 .000518 

0 .000518 

0 .000518 

u"' 

3** 
0 .075024 

4 
0 .100032 

3 
0 .075024 

2 
0 ,050016 

u"' 

0.000540 

0 .00072 

0 .00054 

0 .00036 

F e 

0 .263840 

0 .25241 

0 ,19354 

0 ,27528 

Na 

7t 
0 .057981 

6 
0 .049698 

9 
0 ,074547 

8 
0 ,066264 

O 

5t t 

0 ,134400 

5 
0 ,1344 

5 
0 ,1344 

C 

3 
0 ,13198 

• N u m b e r of p l u t o n i u m c o l u m n s c o n t a i n i n g abou t 5% Pu^'*°. 

* * N u m b e r of n a t u r a l u r a n i u m c o l u m n s . 

' N u m b e r of c o l u m n s of c a n n e d s o d i u m . 

' • N u m b e r of c o l u m n s of i r o n ox ide . 

T a b l e III 

T H E MATCHING O F R E F E R E N C E AND S A M P L E COMPOSITIONS 

C r i t e r i o n 

Ml 
R e g u l a r 

Ml 
Adjoint 

M , 
R e g u l a r 

Adjoint 

L i b r a r y 

635 
R o a c h 

635 
R o a c h 

635 
R o a c h 

635 
R o a c h 

3001 

1,66 
4.60 

0 .13 
3.37 

0 .034 
0.112 

7.82 4 
0 .037 

3002 

4.38 
16,94 

2 .64 
7,10 

0.154 
1.06 

1.64 2 
0.070 

3004 

8.54 
4 .08 

0.14 
3.87 

0.04 
0.74 

8.13 4 
0 .043 

3005 

0.58 
0.76 

1.88 
3.67 

0.011 
1.03 

1.74 2 
0 .035 





On the basis of these numbers . No. 3005 was chosen as the optimum 
sample mixture. It is noteworthy that the order of excellence depends on 
both l ibrary and comparison cr i te r ia , and markedly on whether real or ad
joint fluxes are considered. The use of the Mj cri ter ion gives equal weight
ing to all fluxes, and perhaps is very unsuitable for the Roach calculations 
where so little flux lies in the lower groups. It was included as an index 
emphasizing the low-energy part of the spectrum, since this is important 
in calculating the magnitude of the Doppler effect. 

V. THE COMPOSITION OF THE DRIVER 

The general method of selecting a suitable driver is an extension of 
that outlined in the previous section. The reference mixture plays no fur
ther part in the study, and comparison cr i ter ia are between the sample and 
possible uranium-fueled dr ivers , the argument being that an ability to cal
culate sample-mixture properties implies an ability to calculate properties 
of the reference mixture. Difficulties associated with the near absence of 
Pu '̂*" from the sample a re inescapable. 

For reasons discussed later, the driver must have a larger buckling 
than the sample, and this implies that its U^'^ content must be low. The ab
sence of this fission-threshold mater ia l means that adjoint matches are in
evitably poor, since in the driver mixture there is no mechanism to give 
high-energy neutrons an increased importance. 

Some of the driver compositions studied are given in Table IV and 
their degree of mismatch to the sample spectrum is given in Table V. Mix
ture No. 2060 was selected for the driver composition. The one-group 
cross-sect ion values for the mixture a re compared with those for sample 
and reference in Table VI, where large differences may be noted for the B ' ° 
(na) cross section despite the rather careful matching process . 

No. 

2009 

2010 

2014 

2015 

2016 

2020 

2030 

U235 

1 
0.02345 

1 
0.02345 

1 
0.02345 

1 
0.02345 

1 
0,02345 

2 
0,0469 

1 
0.02345 

U238 

0.O01766 

0.001766 

0.001766 

0.O01766 

0.001766 

0.003533 

0,001766 

Fe 

8 
0.4320 

6 
0.3430 

10 
0.5209 

12 
0.6908 

14 
0-6988 

0.07623 

0.07623 

C 

7 
0.3O80 

9 
0.3960 

5 
0.2200 

3 
0.1320 

1 
0.0440 

Al 

14 
0.4432 

15 
0.4749 

COMPOSITIONS OF DRIVER MIXTURES 
(Columns and atoms/cc x 1 0 " " ) 

K^ Lib. 635 
Lib. 700 

0,003389 
0,003675 

0.003620 
0.003957 

0.003124 
0.003350 

0.002833 
0.002990 

0.002525 

0.004046 
0.004151 

0.001945 
0.002051 

No. 

2031 

2032 

2060 

2061 

2062 

2063 

2064 

UZ35 

1 
0.02345 

1 
0.02345 

1 
0.02365 

1 
0.02383 

I 
0.02383 

1 
0,02401 

1 
0.02401 

U238 

0.001766 

0.001766 

1 
0.02679 

2 
0.05181 

2 
0.05181 

3 
0.07683 

3 
0,07683 

Fe 

0.07623 

0,07623 

10 
0.5209 

9 
0.4764 

10 
0.52O9 

10 
0.5209 

9 
0.4764 

C 

4 
0.1760 

8 
0.3520 

4 
0.1760 

4 
0.1760 

3 
0,1320 

2 
0.08799 

3 
0.1320 

Al 

11 
0.3482 

7 
0.2216 

K? Lib. 635 
Lib. 700 

0.002433 
0.002681 

0.002991 

0.002879 
0.002988 

0.002772 
0.002828 

0.002656 
0.002699 

0,002451 
0.002445 

0.002555 
0.002562 

: K^ in this table is cal 
635 Library. 

Iculated for an iron diluent; but for comparison purposes, cross sections (or a stainless steel diluent were employed with the 





COMPARISON O F S A M P L E M I X T U R E WITH VARIOUS DRIVER MIXTURES 

O r d e r 
Re 

Z(*i 
gular 

R e g u l a r 

Z^(*i+*i)' 

Adjoint 
Adjoint 

L i b r a r y 635 

1 
2 
3 
4 
5 
6 
7 
8 

2014 
2051 
2060 
2009 
2015 
2062 
2010 
2031 

27 
28 
29 
34 
36 
39 
54 
56 

2014 
2060 
2009 
2015 
2061 
2010 
2032 
2062 

0.131 
0,22 
0.24 
0,27 
0,34 
0.44 
0,47 
0.58 

2063 
2062 
2061 
2060 
2030 
2031 
2020 
2016 

11,4 
18.3 
18,4 
28,2 
33.0 
37.8 
38,1 
41.4 

2063 
2062 
2061 
2060 
20 30 
2020 
2031 
2016 

0 ,073 
0,115 
0,115 
0.177 
0.193 
0,230 
0.235 
0.260 

L i b r a r y 700 

1 
2 
3 
4 
5 
6 
7 
8 

2061 
2060 
2014 
2062 
2009 
2064 
2015 
2010 

59.4 
64,2 
72 .3 
79,9 
84.2 
87,2 
87.7 

112,8 

2014 
2015 
2009 
2010 
2060 
2030 
2061 
2062 

1.79 
1.95 
2.32 
3,04 
3.18 
4.82 
5.56 
6,48 

2060 
2030 
2015 
2014 
2020 
2009 
2031 
2010 

37.6 
39.3 
38.7 
39,5 
40.0 
40.5 
40,7 
41.7 

2060 
2014 
2015 
20 30 
2020 
2009 
2031 
2010 

0.255 
0.290 
0.281 
0.284 
0.295 
0.301 
0.304 
0 ,313 

T a b l e VI 

COMPARISON O F O N E - G R O U P CROSS SECTIONS FOR R E F E R E N C E , 
S A M P L E , AND DRIVER M I X T U R E S 

( S p e c t r a B a s e d on F u n d a m e n t a l - n : i o d e Ca lcu la t i on ) 

R e f e r e n c e 
3005 
2060 

P u " " nf* 

1,92 
1.93 
1,89 

2 ,03 
2,03 
1,90 

U " ' nf 

0,047 
0.046 
0.0 56 

0.051 
0.050 
0.06 3 

U235 „£*« 

1.87 
1.87 
1,74 

2,20 
2.20 
1.86 

B ' " na 

1,83 
1,83 
1,56 

0.557* 
0 558* 
0 396* 

U " " n7 

0,266 
0,267 
0 235 

0,30 
0.30 
0 282 

P u ^ « nf 

0.355 
0.359 
0.443 

0.354 
0.361 
0,469 

( L e f t - h a n d C o l u m n : 635 L i b r a r y ; R i g h t - h a n d C o l u m n : Roach L i b r a r y ) 

• U n s h i e l d e d da ta , 

* * B a r n s / a t o m = 570 in R o a c h c a s e only, 

* N a t u r a l b o r o n . 

VI. THE USE OF A FILTER 

In his survey calculations for the design of ZPR Assemblies 42 and 
43, G. F ischer ( '2 ) studied the effect of filters between the driver and the 
sample regions. F i l te rs were also used in the AETR cri t icals . These 
filters a re thin regions of, for example, U^'* or U^^' mixed with carbon, 
the function of which is to improve the spectral n-vatch between driver and 
sample. 

way. 

Some study was made of filters in the present case in the following 
An infinite reflected cylindrical reactor with the composition of the 
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sample mixture was calculated by means of the DSN code and the 635 Li
brary in 16 groups. In order that the infinite reactor should be cri t ical 
when its radius approximated the radius of the finite reactor , a fictitious 
absorbing mater ia l "fictitium" was distributed throughout the core, and the 
concentration of this was varied to make the system cri t ical with the in
finite cylinder radius equal to the finite cylinder radius. The cross sections 
are zero except for capture, and this is given by; 

Zci = /3V3Stri , 

where j3^ is the buckling of the core mater ia l and Ztr is the macroscopic 
transport cross section. A ser ies of other calculations were performed in 
which the uniform cylindrical core was replaced, first, by one with two 
zones corresponding to sample mater ia l and driver, and then by one with 
three zones corresponding to saniple filter and driver. The principal filters 
studied were 2 in. thick, and consisted of U^'^ and carbon mixed in differ
ent proportions. The core radius of the infinite cylinder was held constant, 
and the fictitium concentration varied in each case to make the system 
critical. The precise method of making this correction can be varied, but 
this is unlikely to affect the general conclusion drawn from the resul ts . 

The results a re shown schematically in Figs. 1 and 2, where spec
tral mismatch at central and eccentric positions are shown, respectively. 
At each point the flux is normalized to 100 for all the systems calculated, 
and 0^ - 0l is plotted against group number, where (p^ is the spectrum cor
responding to the a l l -sample cylinder, and 0[ is the spectrum in each of 
the various zoned and filtered assembl ies . The resul t is a pictorial indi
cation of how filtering improves the closeness of match in a zoned cri t ical 
assembly. 

In Table VII, the effect on spectrum mismatch of filtering is shown 
in terms of the same cr i te r ia as were used ear l ie r . A part of the same 
data is shown in another way by tabulating a selection of one-group cross 
sections at an eccentric point for the standard ar rangement , a zoned a r -
rangennent with no filter, and a zoned arrangement with a filter consisting 
of 1/2 in. carbon and I - I / 2 in. of U" ' . 

A filter is of some value in improving spectral match. However, 
it is not used in the present ser ies of calculations since it is an undoubted 
complication in theory and experiment, and the spectral match is fairly 
good without it. 





T a b l e VII 

THE I N F L U E N C E O F A F I L T E R IN IMPROVING S P E C T R A L MATCH 
(635 L i b r a r y Ca lcu la t ions ) 

F i l t e r 

None 
1/2 in. U"« 
1 in. U"8 
2 in. U"* 
1-1/2 in. C; 1/2 in. U " ' 
1 in. C; 1 in. U " ° 
1/2 in. C; 1-1/2 in. U " * 

C e n t r a l 
(R = 3.2 cm) 

M, 

0 24 
0.12 
0.12 
0.15 
0.17 
0.046 
0.044 

M j 

0.0056 
0.0032 
0.0027 
0.0017 
0.0059 
0.0016 
0.00033 

E c c e n t r i c 
(R = 26.4 cm) 

M l 

3.7 
3.5 
3.8 
4.5 
6.3 
4,7 
1.0 

Mz 

0.045 
0.089 
0.10 
0.13 
0.19 
0.038 
0.028 

F i l t e r 

None 
1/2 in. C; 1-1/2 in. U"^ 
S tandard 

O n e - g r o u p C r o s s Sec t ions (b) a t R = 2 6 . 4 c m 

U " « n f 

0.0477 
0.0413 
0.0458 

Pu"° nf 

0.380 
0.339 
0.356 

P u " ' nf 

1.896 
1.906 
1.919 

U " V f 

1.789 
1.836 
1.851 

U238 ^-y 

0.247 
0.259 
0.262 

B'Ona 

1.860 
1.796 
1.806 

VII. I L L U S T R A T I V E 16 -GROUP CALCULATIONS 
IN S P H E R I C A L G E O M E T R Y (DSN) 

Now that an " e q u i v a l e n t s a m p l e " and an optimuim d r i v e r have been 
defined, and the d e c i s i o n h a s b e e n t aken not to u s e a f i l t e r , s p h e r i c a l c a l c u 
la t ions can be u s e d to e x p l o r e the p r o p e r t i e s of the zoned c r i t i c a l . The o b 
jec t of these is p r i n c i p a l l y to f u r n i s h a s t a n d a r d of c o m p a r i s o n for 
subsequen t t w o - d i m e n s i o n a l , 5 - g r o u p diffusion t h e o r y c a l c u l a t i o n s us ing 
CRAM. 

The conf igu ra t ions involved in the c a l c u l a t i o n s m a d e a r e shown in 
F ig . 3, and Tab le VIII g ives the c o m p o s i t i o n s of the v a r i o u s z o n e s . C a l 
cu la t ion r e s u l t s a r e shown in T a b l e IX. 

The p r o p e r t i e s of a c r i t i c a l s p h e r e of the s a m p l e m a t e r i a l w e r e 
f i r s t c a l c u l a t e d ( C a s e I). A b lanke t was s e l e c t e d wi th a c o m p o s i t i o n g e n 
e r a l l y s i m i l a r to tha t of a power r e a c t o r , wi th l o w - d e n s i t y a l u m i n u m 
s u b s t i t u t e d for sod ium, which is a conven ien t , even though not too e x a c t , 
r e p l a c e m e n t in z e r o - p o w e r m o c k u p s . 

Next , c a l cu l a t i ons w e r e m a d e for a r e a c t o r w i th the c o m p o s i t i o n of 
the p r e f e r r e d d r i v e r (mix tu r e No. 2060, T a b l e IV), and the d 
to m a k e the r e a c t o r c r i t i c a l in th 
is C a s e II. 

he s a m e vo lume a s the p r e v i o u s c a s e 
e n s i t y was v a r i e d 

T h i s 
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1~]—\—TT 
Driver -\ Driver 

1 r 1—r 
Driver r Driver 

Reference Reactor 
Mixture 

Reference Reactor 
Mixture 

Legend: 

0.3 
(Reference Flux) 
(Reference Flux) 
(Reference Flux) 
(Reference Flux) 
(Reference Flux) 

(Simple Zoned Flux) 
(Simple Zoned Flux) 
(Simple Zoned Flux) 
(simple Zoned Flux) 
(Simple Zoned Flux) 

No Filter 
2" Filter 100 v/o 0^38 
2" Filter 75 v/o 0^38 gj y/o c 
2" Filter jO v/o 0^38 50 v/o C 
2" Filter 25 v/o 0^38 yj y/o g 

I 0 

-0.1 

-0.3 
i It 5 6 7 8 9 10 11 12 

Energy Groups (YOM Library) 

F i g . 1. S p e c t r a l M i s m a t c h at C o r e C e n t e r 

13 Ik 15 16 
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I I I I I I I I 
Legend: 

(Reference Flux) - (Simple Zoned Flux) 
(Reference Flux) - (Simple Zoned Flux) 
(Reference Flux) - (Simple Zoned Flux) 
(Reference Flux) - (Simple Zoned Flux) 
(Reference Flux) - (Simple Zoned Flux) 

No Filter 
2" Filter 100 v/o U^SS 
2" Filter 75 v/o U^So 25 y/o C 
2" Filter 50 v/o u238 50 v/o C 
2" Filter 25 v/o 0^38 yj y/o c 

1.0 

-1.0 

Fig. 2. Spectral Mismatch at Eccentric Position 





Case I Case II 

Case III Case IV 

Notes: 

^ _ Density of Driver as Used 
Maximum Density Obtalna'ble 

Dimensions in cm 
Compositions as in Tables II and IV 

Fig. 3. Spherical Reactors Studied by the 
DSN Code in the S4 Approximation 

COMPOSITIONS (v/o and a toms/cc x 10"^°) IN THE VARIOUS 
REGIONS FOR THE DSN (16-group spherical) AND CRAM 

(5-group finite cylindrical) CALCULATIONS 

P u " ' 

9,888 

2,06 

p^240 

0 ,518 

0 ,108 

U " 5 

0.36 

0 , 0 7 5 

23 .65 

4 ,927 

1,08 

0 .225 

U " * 

50 ,0016 

10 ,42* 

2 6 , 7 8 9 

5,581 

150.12 

31 .275 

F e 

275 ,28 

32 ,5 

520 ,9 

61 .5 

262 ,57 

31,0 

Na 

6,626 

30.12 

0 

134.4 

14.00 

C 

173,88 

21,0 

Al 

85 ,63 

14,2 

R e g i o n 

S a m p l e 
( M i x t u r e No. 3005) 

T a b l e II 

Driver 
(Mixture No. 2060) 

Table IV 

Blanket 

*10.32 v/o in CRAM cases (49.526 x I0^° a toms/cc) 
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T a b l e IX 

C A L C U L A T E D P R O P E R T I E S O F S P H E R I C A L ZONED CRITICALS 
AND THEIR E Q U I V A L E N T S 

(The u p p e r f i g u r e s in e a c h s p a c e w e r e c a l c u l a t e d by u s e of the 
635 L i b r a r y , and the l o w e r by u s e of the 700 L i b r a r y ) 

~~—~..,__̂  R e g i o n 
Quant i ty """—._,__̂  

Rg (cm) 

Rj5 (cm) 

M a s s of Pu^^' 
(kg) 

M a s s of U"= 
(kg) 

C e n t r a l 
U"«af (b) 

P u " 9 a f (b) 

B " (na)(b) 
Bnat(na)(b) 

I 

67.0 
70.9 

494 
586 

0.046 
0 .0503 

1.92 
2.03 

1.80 
0.558 

II 

67.0 
70.9 

720 
779 

0.056 
0.063 

1.88 
1.90 

1.55 
0.398 

III 

47.0 
47.0 

67.5 
71.7 

171 
171 

488 
580 

0.046 
0.0502 

1.91 
2.03 

1.78 
0.554 

IV 

47.0 

57.1 

171 

320 

The zoned s y s t e m . C a s e III, was t aken to have a c e n t r a l s a m p l e r e 
gion whose s i z e is such tha t the a v a i l a b l e p lu ton ium is u sed , and a d r i v e r 
whose c o m p o s i t i o n is tha t g iven by Ca lcu la t ion II, the r a d i u s be ing ad jus ted 
to a t t a i n c r i t i c a l i t y . As m i g h t be expec t ed , the final r ad iu s for the c o r e was 
r a t h e r s i m i l a r to tha t for the f i r s t two c a s e s . 

F i n a l l y , a c a s e ( C a s e IV) was s tud ied in which a d r i v e r a t full d e n s i 
ty was u s e d . This r e d u c e s the U^^' i nven to ry and has only a s m a l l effect on 
the c e n t r a l s p e c t r u m , bu t i t s u s e p r e c l u d e s the poss ib i l i t y of m e a s u r i n g 
quan t i t i e s a t e c c e n t r i c p o s i t i o n s . Any s e r i o u s d i s p a r i t y in s i ze and shape 
b e t w e e n the zoned c r i t i c a l and the " a l l - s a m p l e " c r i t i c a l m e a n s tha t u n l e s s 
the s a m p l e is c e n t r a l l y p l aced , it is i m p o s s i b l e to r e l a t e i ts c e n t e r point 
to an e q u i v a l e n t p o s i t i o n in the a l l - s a m p l e c r i t i c a l . 

VIII. F I V E - G R O U P CALCULATIONS IN CYLINDRICAL GEOMETRY (CRAM) 

The p r e f e r r e d g e o m e t r y of e x p e r i m e n t a t i o n is c y l i n d r i c a l or q u a s i -
c y l i n d r i c a l , and t w o - d i m e n s i o n a l codes a r e n e c e s s a r y to s tudy e x a m p l e s of 
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th is type . The four b a s i c c a s e s a r e shown in F ig . 4. Case VI is the equ iv 
a l e n t of C a s e I, i . e . , a b l a n k e t e d r i g h t c i r c u l a r e q u i l a t e r a l cy l inde r of s ample 
m a t e r i a l . S i m i l a r l y , Case VII c o r r e s p o n d s to C a s e II, the dens i ty of the 
d r i v e r being v a r i e d un t i l it is c r i t i c a l when occupying a c o r e iden t i ca l in 
s i ze and shape with the s a m p l e c o r e . The r e l a t i v e d e n s i t i e s , a , of the d i 
lu ted d r i v e r c a s e s in the s p h e r i c a l and c y l i n d r i c a l c a s e s a r e v e r y s i m i l a r , 
being 0.619 and 0.614, r e s p e c t i v e l y . 

• • — 1 1 8 . 7 — » 

t ^^^ 
nA -7 V Driver s 
^^°-7 \ a = 0.6lh)^ 1 ^̂ ^̂  

50 cm 

B 

Case VI 

123.1 

B 
-118,7-

:s555S N-yvvvi 
NK S a m p l e / \ 

— 5 0 - -

• 

B 
•«-118.7 cm - » 

.WWW 
Driver 

(Mixture 2060) 

; \ \ \ \ \ \ 
\ Sample / 

/ / / / / 

— 86.8 - " 

\ 
\ 

f 
75.3 

1 

Notes: 
ct . Density of Driver as Used 

Maximum Density Obtainable 

Dimensions in cm 
Compositions as in Tables II and IV 

F i g . 4 . C y l i n d r i c a l Z o n e d C r i t i c a l s 

a n d T h e i r E q u i v a l e n t s 
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Case VIII is the analogue of Case III. The length-to-diameter ( L / D ) 
ratio of the sample volume is unity, and the dimensions are chosen to use 
200 kg of plutonium. However, since the system is made critical by adjust
ment of driver length, the cr i t ical reactor has an overall L / D ratio near, but 
not exactly equal, to unity. In the case of the eccentric sample. Case IX, ad
justment to criticality is again made through alteration of driver length, a l 
though the resultant L/D ratio is extremely near to unity in this particular case. 

Table X shows cri t ical masses and one-group cross sections for the 
four cylindrical reac tors studied with CRAM. Only five groups were em
ployed, but appropriate weighting spectra were used in each region for 
condensing from the 16-group 635 Library in the manner adopted by Moor-
head^ ' in his study of an oxide reactor . 

Table X 

CALCULATED PROPERTIES OF CYLINDRICAL ZONED CRITICALS 
AND THEIR EQUIVALENTS 

(YOM 16-group cross sections condensed to 5) 

Mass of U"^ (kg) 
Mass of P u " ' (kg) 
Central Point 

u"«af •] 
Pu^'OfWb) 
B'OanoJ 

Eccentric Point 
U"«af 1 
P u " ' a A ( b ) 
B'^anaJ 

VI 

516 

0.0469 
1.916 
1.815 

0.0462 
1.919 
1.834 

VII 

745 

0.0557 
1.874 
1.533 

0.0543 
1.877 
1.559 

VIII 

201.6 

0.0469 
1.914 
1.805 

IX 

101 

0.0465 
1.923 
1.800 

The eccentric point is 1.8 cm from the principal axis of the cylinder 
at a point 17.1 cm from the blanket-core interface. 

The significant point is that the one-group cross sections in the al l -
sample reactor are very close to their values in the zoned reactor both for 
central and eccentric sample positions. However, for the most accurate 
work, it is necessary to calculate a correction, if only to show that it is 
small. The uncertainty in this calculated correction would have to be very 
large if it were to be comparable with the experimental e r ro r of an actual 
measurement . 

In this connection, the relevant comparison is that of the one-group 
cross sections in the different cases calculated by use of the same l ibrary 
and the same model. The differences between these one-group cross 
sections and those obtained by DSN calculations in spherical geometry are 
grea ter . 





Perturbat ion Worths at Central and Eccentr ic Positions 

The situation becomes less satisfactory when we turn to perturba
tion effects, the difference between values in the al l-sample cylinder and 
in the equivalent position in a zoned arrangement being greater . Numeri
cal results are given in Table XI. We may regard the differences as 
arising from two separate components: the perturbation numerator, which 
is a function of the fluxes and of the perturbing specimen, and the denomin
ator, which is a function of the fluxes and the mater ia l of the reactor. If 
we normalize through use of CRAM-computed values for the denominator, 
we find that the difference between the numerators is increased, not dimin
ished, and reaches values of several percent. 

Table XI 

CENTRAL DANGER COEFFICIENTS EXPRESSED IN % PER gm-atom 
AND THE PROMPT NEUTRON LIFETIMES 

U238 

P u " ' 
g l O 

Perturbat ion 
Denominator 

T(j : . l sec) 

VI -

-0.00399 

+0.0829 

-0.0358 

40.225 

0.383 

VII 

-0.00268 

+0.0598 

-0.0318 

33.344 

0.449 

VIII 

-0.00386 

+0.080 

-0.0349 

39.06 

0.407 

Since perturbation effects are sensitive to both flux and adjoint, and 
a specimen normally contributes positive reactivity effects due to some 
mechanisms, and negative due to others, greater percentage differences 
between perturbations in al l -sample and zoned systems might be expected. 
This is part icularly true for those cases in which the net perturbation 
effect is the small sum of large positive and negative components. 

The prompt-neutron lifetime is a number which can be measured by 
interpreting experimental observation in ternns of a rather simple model, 
but is calculated zone by zone in terms of volume-averaged quantities. It 
is, therefore, not obvious how one can use a measured prompt-neutron life
time in a zoned system to infer its value in an al l-sample system other than 
by extrapolation from a number of measurements in different systems with 
graded sample s izes . The measurement and significance of measurements 
of prompt-neutron lifetime in zoned systems has been discussed by Brunson 
and his co-workers , ( '^) who point out how two lifetimes can be inferred from 
measurements , one appropriate to each zone, but only in the case where 
these lifetimes are very different. Where there are separate zones with 
s imilar lifetimes, some form of average is extracted from experimental 





data by a theory which ignores the diss imilar i t ies in the zones. The 
CRAM code yields "core" lifetimes and "blanket" lifetimes typically 
different by a factor of 3 in the cases studied. 

Perturbation Effects at Eccentr ic Positions 

The CRAM output compiler enables the computation of perturbation 
effects at eccentric positions. Such calculations were made for the cases 
studied. The method used is subject to e r ro r near interfaces, particularly 
with large mesh intervals , and graphical smoothing of points was adopted, 
although with relatively few points this is a somewhat subjective opera
tion. The resul ts a re shown in Table XII, where the third figure in the 
numbers quoted is hardly significant. The general inference to be drawn 
is as before, that although the agreement is within a few percent, calcula
tions do not yield an accurate value for the correction term. It seems 
likely that this can be improved, but it is worth noting that if the calcula-
tional method is inadequate, an experimental method is of little value in 
checking c ross -sec t ion data. On the other hand, a good calculation method 
simultaneously makes good experimental data valuable and an adequate 
calculation of small correction terms possible. 

Table XII 

PERTURBATION WORTHS (% per kg-atom) NEAR THE PRINCIPAL 
AXIS OF ZONED AND ALL-SAMPLE REACTORS 

Reactor 

VI 

IX 

VI 

IX 

VI 

IX 

z = 

U238 

P u " ' 

B'° 

10 cm 

9.00 

8.00 

26.8 

26.8 

11.2 

11.1 

20 cm 

17.3 

17.5 

44.0 

42.5 

18.0 

18.5 

30 cm 

26.2 

25.3 

59.5 

57.0 

25.4 

25.8 

Perturbation 
Denominator 

40.225 

38.403 

40.225 

38.403 

40.225 

38.403 

Z is the distance in cm from the lower blanket-core interface 
at a point 1.9 cm from the central axis. 

IX. CRITICAL MASS 

From a homogeneous cri t ical assembly, the quantity most accurate
ly known is the experimental cr i t ical mass , which requires a knowledge 
only of fuel mass and isotopic composition. This simple number is not 





available from a zoned cr i t ical a r r ay . However, this loss of the most 
accurately known quantity is less severe than might at first appear, for 
two reasons . Firs t ly , the heterogeneous, geometrically i rregular critical 
mass of experiment must be converted to a homogeneous simple-geometry 
equivalent, and the precision of the former quantity is somewhat masked 
by the uncertainty of the correct ion term. Secondly, it must be assumed 
that c ross-sec t ion e r r o r s compensate in some measure when a prediction 
of cr i t ical mass is made. To unravel these numbers requires the use of 
several experimental numbers, and a knowledge of only one of these to 
high accuracy, is of limited value. 

X. OPERATIONAL CHARACTERISTICS OF ZONED ASSEMBLIES 

The zoned-system approach outlined ear l ier has certain operational 
implications. For example, the average density of the core has been 
treated as a variable. The method of varying density is by the use of per
forated pieces, and the availability of a range of these in several different 
diluent mater ia ls will make fairly fine average density changes possible, 
although probably tedious. The driver compositions envisaged have a 
fairly high stainless steel content, and pieces of this material are assumed 
to be available at different average densities. Low-density pieces are a l 
ready used for special purposes. For example, the ZPR-III inventory in
cludes perforated aluminum pieces with average densities of 50 v/o and 
66 v/o. With 10 columns of stainless steel per drawer, and three or four 
types of stainless steel piece, a large range of values of void can be intro
duced whilst preserving one single drawer as the basic unit of the assembly. 

The use of cores with substantial void has implications as regards 
safety, at least so far as the magnitude of a destructive explosion is con
cerned. The greater the voidage in an exploding core, the greater the 
energy re lease , since a given mass of material must reach a higher energy 
density before it generates sufficient pressure to blow the core apart. Some 
7-10% voidage is unavoidable in a ZPR-III-type assembly, and the present 
proposals envisage percentage voidages two or three times as great in the 
driver region. It is prudent, therefore, to accept a possible increase in the 
size of a destructive burst although the presence of aligned holes giving 
short, easy flow paths for uranium vapour from regions of higher to lower 
importance may have an opposite effect. 

It is not clear whether voidage in the core significantly increases' the 
likelihood of having a destructive burst in the first place. There is , in a 
voided core, more opportunity for the fuel to compact if it once becomes 
molten, and less thermal capacity to chill it as it moves. If therefore, a 
limited reactivity addition of a quite specific amount is postulated, it may 
be found that compaction followed by a destructive burst results for a voided 
core , but not for a nonvoided core. The argument is not a convincing one, 





however, particularly since s imilar qualitative arguments can be advanced 
suggesting that in certain specific circumstances the voided core is safer. 
For example, the presence of easy horizontal flow paths through the core 
may affect the way in which molten fuel slumps, making a compacted core 
less likely. 

The use of zoning in itself, apart from the introduction of voidage, 
is a safety feature. Air -borne plutonium is a greater hazard than air-borne 
uranium at the same concentration, but the fact that the total mass of plu
tonium in a zoned system is a few times smaller than in an all-plutonium 
system is hardly significant. However, the metallic plutonium at present 
used in ZPR-III is canned, and because of clearance spaces in the can, its 
thermal expansion contributes very little in the way of a (prompt) negative 
temperature coefficient. The enriched uranium, on the other hand, is un-
canned and does contribute a prompt negative effect, so that the use of this 
material in a zoned cr i t ical does preserve this valuable feature at least to 
a certain extent. Fur ther , if an appreciable proportion of the fission takes 
place in U^'^, the reactivity nnargin between prompt and delayed crit ical 
(P) is increased. 

XI. CONCLUSION 

A procedure has been outlined for designing a zoned critical which 
is optimum, within the limitations of certain assumptions. Closeness of 
spectral match between sample and driver is an important cri terion of 
excellence, and this can be defined in various ways, emphasizing, if r e 
quired, closeness of match in the low-energy part of the spectrum. This 
might well be done if a Doppler measurement in the zone were of principal 
interest . 

It seems likely that one or more zoned cri t icals can give nearly all 
the useful information which might be derived from a full-scale cri t ical of 
sample mater ia l without significant loss of experimental accuracy. Critical 
mass is excluded from this statement, and substantial computations may be 
necessary to calculate correction terms in other cases. 

This report confines itself to showing how a zoned crit ical approach 
can give the experimenter nearly all the data he would obtain from a full-
scale cr i t ical if he had sufficient plutonium available to build one. The use 
of that data in refining cross-sec t ion data for plutonium is another matter . 
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